The application of chimeric antigen receptor (CAR)-T cell therapy in patients with advanced solid tumors remains a significant challenge. Simultaneously targeting antigen and the solid tumor microenvironment are two major factors that greatly impact CAR-T cell therapy outcomes. In this study, we engineered CAR-T cells to specifically target B7-H3, a protein commonly found in solid human tumors, using a single-chain variable fragment (scFv) derived from an anti-B7-H3 monoclonal antibody. We tested the antitumor activity of B7-H3 CAR-T cells in mouse models with solid human tumors and determined that B7-H3 CAR-T cells exhibited potent antitumor activity against B7-H3 + tumor cells in vitro and in vivo. In addition, PD-1 decoy receptors were engineered to include extracellular PD-1 fused to the intracellular stimulatory domain of either CD28 or IL-7 receptor, respectively, which were then introduced into B7-H3 CAR-T cells. As a result, these newly modified, superior CAR-T cells exhibited more persistent antitumor activity in B7-H3 + /B7-H1 + tumors in vivo. Our findings indicate that B7-H3 specific CAR-T cells have the potential to treat multiple types of advanced solid tumors.
Introduction
Chimeric antigen receptor (CAR) composed of antibody binding domain connected to T cell-activated signaling domain with one or two co-stimulatory domains, can recognize tumor antigen with high specificity and trigger T cell activation in a non-MHC restricting manner.
1−3 CAR-T cells have demonstrated remarkable efficacy in patients with several types of hematologic malignancies. 4, 5 However, the treatment of solid tumor, responsible for >95% of human cancer, with this technology has been difficult. In addition to inappropriate T cell trafficking and insufficient infiltration into solid tumors, 6 a suppressive tumor microenvironment (TME) 7 and a lack of tumor-specific or tumor selective targets on solid tumors 8 may contribute to the limited functionality of this method. 9 Therefore, engineering CAR-T cells that selectivity recognize tumor antigens on solid tumors and that are resistance to the suppressive TME may improve CAR T cell efficacy in the clinic. 10 Eighteen years ago, B7-H3 (CD276) was molecularly cloned and identified as a member of the B7/CD28 family with immune modulatory functions. 11 While it appears that B7-H3 mRNA is ubiquitously expressed in various mouse and human tissues under normal conditions, immunohistochemical (IHC) analysis demonstrates that the expression of its protein is limited to a select subset of tissues. 12, 13 Interestingly, B7-H3 protein is frequently upregulated in the majority of solid human tumors such as prostate cancer, nonsmall-cell lung cancer, pancreatic cancer, breast cancer, ovarian cancer and colorectal cancer [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] and within the tumor vasculature as well. 25 Several studies have also shown that B7-H3 overexpression is associated with tumor progression, metastatic potential and a poor prognosis. [26] [27] [28] [29] The immunemodulatory functions of B7-H3 remain controversial, with data supporting both stimulatory and inhibitory roles in T cell immunity in different model systems. 30 A monoclonal antibody (mAb) recognizing B7-H3 is being used to treat refractory pediatric brain cancers and thus far the clinical trial has yielded safe and promising results. 31 Therefore, B7-H3 may represent a potential target for CAR-T cell directed therapy.
Tumor-infiltrating T lymphocytes (TILs) play an important role in the control of tumor progression albeit their activity is largely impaired in the TME of patients with advanced cancers. One of the major mechanisms of TIL dysfunction is mediated by the PD-1/B7-H1 interaction, which attenuates the response of effector T-cells upon antigen encounter. 32 Cell surface B7-H1 protein is upregulated in the TME, largely due to interferon-gamma secreted by T cells, and serves as a major mechanism of immune escape. 33, 34 Hence, the PD-1/B7-H1 axis may contribute to limiting the efficacy of CAR-T cells in the TME. In this study, we constructed a new chimeric antigen receptor binding domain using an scFv derived from a newly generated B7-H3 mAb. Because activated CAR-T cells express high levels of PD-1, to CONTACT Gangxiong Huang gangxiong.huang@fjmu.edu.cn Institute of Immunotherapy, Fujian Medical University, Fuzhou, China; Lieping Chen lieping.chen@yale.edu Supplemental data for this article can be accessed on the publisher's website.
conquer this immune escape mechanism, we also genetically engineered CAR-T cells to co-express a PD-1 decoy receptor that replaces the PD-1 transmembrane and intracellular signaling domains with a co-stimulating signaling domain of CD28 or a constitutively active IL-7 receptor, so as to convert or compete possible inhibitory signal to improve T cell function. Here we show that B7-H3 directed CAR-T cells display efficient cytotoxic ability against solid tumors both in vitro and in humanized mouse tumor models in vivo.
Materials and methods

Mice
NCG mice (NOD-Prkdcem26Cd52Il2rgem26Cd22/Nju) and Balb/c mice were purchased from Model Animal Resource Information Platform of Nanjing University. Six to eight weeks of age female mice were maintained under specific pathogen-free facilities at Sun Yat-sen University and Fujian Medical University. All animal experiments were conducted in accordance with NIH guidelines and were approved by the Institutional Animal Care and Use Committees of the respective universities.
Tissue and blood samples
Formalin-fixed paraffin-embedded or surgical tissue samples were obtained from Department of Pathology, Union Hospital of Fujian Medical University. Informed consent was obtained before sample collection. Buffy coat collected from healthy adult volunteers was obtained from Fujian Blood Center under consent, and was used for isolation of PBMCs. The study was approved by the Committee for the Ethical Review of Research, Fujian Medical University (No. 2016-33).
Cell lines and culture conditions
The human melanoma (624Mel), lung cancer (PG, A549), liver cancer (Huh7, HepG2), breast cancer (MDA-MB-231), ovarian cancer (SKOV3), cervical cancer (HeLa), squamous carcinoma (SCC-47), colon cancer (HT-29, SW620), immortal epithelial (HLB100) cell lines were purchased from ATCC. Lenti-X 293T cells were purchased from TaKara. MDA-MB-231-H3KO cell line was generated from MDA-MB-231 cells by genetically knocking out B7-H3 gene using pLentiCRISPR-E vector (Addgene, 78852). PG cell line were transduced with lentiviral vector encoding the luciferase reporter gene luc2P (Photinus pyralis) or the human 4Ig-B7-H3 cDNA (pLVX vector, Clontech) to generate PG-luc cell line and PG-hB7-H3 cell line, respectively. All cells were maintained in RPMI-1640 supplemented with 10% fetal bovine serum and 2 mmol/L L-glutamine (Invitrogen).
Generation of monoclonal antibody
Female Balb/c mice at the age of 8-10 weeks were immunized subcutaneously (s.c.) at multiple sites with 200 µL of emulsion comprising 100 μg of human 4Ig-B7-H3-mFc fusion protein and complete Freund's adjuvant (CFA) (Sigma-Aldrich). Three weeks later mice were immunized with 50-100 μg of the protein with incomplete Freund's adjuvant (IFA) (SigmaAldrich) by s.c., three times altogether. Mice were bled 2 weeks after each immunization for serum titer testing. When the titer was sufficient, mice were boosted with a 60 μg/mouse booster of protein in PBS via intraperitoneal injection (i.p.). Hybridomas were obtained by fusing immune mouse spleen cells and SP2/0-Ag14 myeloma cell line (ATCC). Boosted mice were sacrificed by carbon dioxide and spleens were harvested aseptically. Whole spleen was dissociated into single-cell suspensions and red blood cells were lysed by ACK buffer. SP2/0-Ag14 myeloma and spleen cells were mixed at 1:1 ratio in a 50-mL conical centrifuge tube. After centrifugation, the supernatant was discarded and cell fusion was performed with 50% polyethylene glycol (PEG) (Roche). The fused cells were cultured for 8-10 days in hypoxanthineaminopterin-thymidine (HAT) selection medium (SigmaAldrich), and the antibody-producing hybridomas that could bind to hB7-H3 expressing cells were screened by ELISA and confirmed by flow cytometry analysis. Briefly, 96-well half area high binding plates were precoated with the hB7-H3-hFc at 2µg/mL and kept at 4°C overnight. After washing and blocking, culture supernatants of the hybridoma cells were added into the wells. The plate was then incubated for 2 h at room temperature. After washing, each well was added with 30 µL of 1:100,000 diluted anti-mouse-Ig-HRP antibody, followed by incubation at room temperature for 1 h. The plate was then washed 7 times with PBS/Tween before adding 50 µL of TMB solution to each well and incubated for 15 min, followed by addition of stop solution. Absorbance was read at 450 nm by an automated ELISA reader. To confirm the supernatants of hybridomas for binding hB7-H3, hB7-H3 expressing CHO cells (CHO/hB7-H3) were incubated with the supernatants, and the cells were then washed and further incubated with anti-mIgG-APC (eBiosciences). Flow cytometry analysis was performed using FACSCalibur or FACSVerse (BD Biosciences). The subcloning of positive hybridoma was performed using the limiting dilution technique for 3-5 times to achieve a monoclonal culture.
Construction of the B7-H3 targeted CAR vectors
The variable region sequence of the mAb-7E12 was cloned from hybridoma using 5ʹRACE PCR according to manufacturer's instructions, and then a scFv specific for B7-H3 was engineered. To generate B7-H3 targeted CARs, H3 CAR (second generation) was constructed by linking the B7-H3 specific scFv to a hinge and transmembrane domain of CD8, followed by an intracellular domain of 4-1BB and an intracellular domain of CD3ζ. Similarly, H3/DS CAR (third generation) was constructed by incorporating another co-stimulatory intracellular domain of CD28 to the H3 CAR. CAR linked with a truncated form of the CD3ζ intracellular domain lacking signal transduction was designed as a control. Control, H3 and H3/DS CARs were further linked to the reporter enhanced green fluorescence protein (EGFP) with a T2A oligopeptide, respectively. An extracellular domain of PD1 was fused with the transmembrane and cytoplasmic domains of CD28 35 or of mutant IL-7R (with a TTGTCCCAC insertion at transmembrane region) 36 to generate a chimeric decoy receptor PD28 or PDmut7R. The chimeric decoy receptors were respectively linked to H3 CAR with a T2A oligopeptide to produce H3/PD28 CAR and H3/PDmut7R CAR. All the CAR cassettes were subsequently subcloned to the lentiviral vector (pLVX-EF1alpha-IRES-ZsGreen1, TaKara).
Production of lentivirus and T cell transduction
Lentivirus particles were produced by transient transfection of Lenti-X 293T cells with corresponding CAR-expressing plasmids and two packaging plasmids psPAX2 and pMD.2G on a 3:2:1 ratio using Polyethylenimine (Polysciences, 23966-2). Lentivirus-containing culture medium were collected at 48 and 72-h post-transfection and centrifuged at 1000 g for 10 min to remove cell debris. The supernatants were further filtered through 0.45 μm PVDF low protein-binding filters and concentrated by ultra-centrifuging at 100,000 g for 2 h. Subsequently, the lentivirus particles were re-suspended in appropriate volume using RPMI-1640 medium at 4°C overnight. Final viral samples were titrated and stored at −80°C in single-use aliquots.
Human peripheral blood mononuclear cells (PBMCs) from healthy donors were negatively purified using a pan T-cell isolation kit (Invitrogen,11344D), and then activated by culture with anti-CD3/CD28 beads (Thermo Fisher Scientific,11131D) according to the manufacturer's protocol. Two days postactivation, PBMCs were transduced with indicated lentivirus particles coated on the non-tissue culture plates with 20μg/mL RetroNectin (Takara, T100B). Spinoculation was performed for 2 h at 900 g, 32°C, followed by incubation for 48 h. After that, cells were pelleted and resuspended in the fresh media containing 20 ng/mL rhIL-7 (Peprotech, 200-07) and 10ng/mL rhIL-15 (Peprotech, . Cells were counted and fed every 2 days. Transduction efficiencies were analyzed by flow cytometry to confirm the generation of CAR-T cells. Five days after transduction, CAR-T cells were cultured in the medium with low FBS and without cytokines for 2 days prior to being used for functional assays in vitro.
T cell functional assays
The cytotoxicity of T cells was determined by incubating corresponding T cells with 0.5µM CellTrace FarRed (Invitrogen, C34564)-labeled target cells (PG, SKOV3, MDA-MB-231 or MDA-MB-231-H3KO) at the indicated effector: target (E:T) ratios for 12 h. Then, 0.01mg/mL DAPI (SigmaAldrich, D8417) were added to each reaction, and the cells were immediately analyzed by flow cytometry within 10 s. The % cell lysis was calculated as follows: [(FarRed+ DAPI+ cellsspontaneous apoptosis)/total FarRed+ cells] × 100%.
Cytokine-releasing assays were performed by co-culturing 1 × 10 6 T cells with 5 × 10 5 irradiated (100 Gy) target cells at a 2:1 ratio. The supernatants from each coculture reaction were collected 24 h later. Cytokine levels of IL-2, IL-4, IL-6, IL-10, IFN-gamma, and TNF-α in the supernatants were determined using the Human Th1/Th2 Cytokine Kit II (BD Biosciences) in accordance with the manufacturer's instructions.
Flow cytometry and antibodies
Chinese hamster ovary (CHO) cells stably transfected with h B7-H3, hB7-H1, hB7-H4, or mB7-H3 were used to assess the binding activity of the B7-H3 mAb and its scFv-Fc antibody by flow cytometry. The CHO cells were incubated with respective mAbs on ice for 30 min, followed by washed and further incubated with anti-mIgG-APC (eBioscience). The expression levels of cell-surface B7-H3 or B7-H1 were detected on human tumor cell lines by using anti-human B7-H3 mAb (7E12) and anti-human B7-H1 mAb (5H1). Transduction efficiency of CAR-T cells were analyzed using 4Ig-hB7-H3-mFc fusion protein, anti-human PD-1 mAb (BD Biosciences) or EGFP. T cell phenotypes were determined with fluorescent-labeled antibodies against CD3, CD4, CD8, CD45RA, CD127, CD45RO, CD127, CD44, CD62L, CCR7, PD-1 (BD Biosciences, eBioscience, or BioLegend). Flow cytometry analysis was performed using FACSCalibur or FACSVerse (BD Biosciences).
Immunohistochemistry
Mouse tumor tissues and human tissue sections were analyzed for B7-H3 expression. Human tissue microarray sections were purchased from US Biomax or Zhuoli Biotech (Shanghai). Pathology samples of human tumors and surgical liver tissues were obtained from the Pathology Department, Union Hospital of Fujian Medical University. All IHC staining followed the protocol described previously. 37 Briefly, endogenous peroxidase activity, unspecific binding activity, and endogenous avidin/biotin binding activity were blocked by incubating the tissue sections with 0.3% hydrogen peroxide solution, Block AEC solution (AbD Serotec), and Avidin Blocking Buffer (Vector Laboratories), respectively. The sections were then stained with a commercial mAb (clone 6A1, Abcam) at final concentration of 5 μg/mL against B7-H3 at 4°C for overnight. Subsequently, the HRP polymer conjugated anti-biotin secondary Ab in Catalyzed Signal Amplification System (DAKO, K1500) was used for staining.
Tumor models and treatment
For the subcutaneous mouse model, NCG mice were injected in the flank subcutaneously with 0.5 × 10 6 Pulmonary giant cell carcinoma (PG) cells, and the mice were randomly divided into groups consisted of n = 5 per group. When the tumors reached a mean diameter of approximately 4 mm at days 4-5 after injection, each group mice were intravenously treated with PBS, or 5 × 10 6 CAR-T cells (Control CAR-T, H3 CAR-T, H3/DS CAR-T, H3/PD28 CAR-T, or H3/PDmut7R CAR-T) per mouse on day 5, 10 and 15, respectively. In the experiments of combination therapy, mice (n = 5 per group) were treated with three doses of B7-H3 specific CAR-T cells alone as described above, or in combination with two doses of anti-PD-1 antibody (clone M3, produced by our lab) by i.v. administration on day 6 and 11, respectively. Tumor sizes were measured twice a week with calipers. Blood were drawn from the mice 1 week after treatments to quantify persistent circulating CD4 + and CD8 + T cells and cytokineproducing in the serum.
For the subcutaneous ovarian carcinoma mouse model, 1 × 10 6 SKOV3 tumor cells were subcutaneously injected to the flank of female NCG mice and were randomly grouped. When the tumors reached a mean diameter of approximately 3-4 mm, the mice were intravenously administered with 5 × 10 6 CAR-T cells on day 12, 20 and 29, respectively. For the re-challenge model of subcutaneous tumors, NCG mice were s.c. inoculated with 0.5 × 10 6 PG-B7-H3 cells and were randomly separated into seven independent groups. When the tumors reached a diameter of approximately 3-4 mm, the mice were i.v. treated with of 2 × 10 6 CAR-T cells on day 7. At day 30, tumors grew in the mice treated with control T cells were surgically excised, and this group of mice were used as control cohort in the following tumor re-challenge experiments. At day 44, all groups of mice were re-challenged by subcutaneously injecting with 2.5 × 10 6 tumor cells. Tumor sizes and body weight were measured. At day 71, mice were sacrificed; the tissues and blood samples were obtained; single-cell suspensions were analyzed by flow cytometry.
For the metastatic mouse model, NCG mice were intravenously injected with 1 × 10 5 PG cells or PG cells expressing Firefly-luciferase. The mice were then intravenously treated with 5 × 10 6 CAR-T cells on day 3, 7 and 15, respectively. Tumor growth in each treatment group of mice (n = 4 per group) was assessed by bioluminescent imaging weekly. For the survival analysis, separated experiments were performed with same treatments to the groups of mice consisted of n = 8 per group.
Graphs and statistical analysis
The graphs and data analysis were generated using GraphPad Prism Software v.7.0. Each experiment presented in this report was repeated at least three times. All data are presented as the means ± SD. Significant difference was analyzed by two-way ANOVA, two-tailed unpaired t-test, unpaired and nonparametric Mann-Whitney test with two-tailed P value calculation, or log-rank (Mantel-Cox) test, accordingly. P-values are represented as * (P < .05), **(P < .01), ***(P < .001) and ****(P < .0001); NS, not significant.
Results
The generation and characterization of mouse monoclonal antibody against human B7-H3
To specifically target B7-H3 cancer antigen, we generated a panel of mouse anti-human B7-H3 hybridomas. The mAb derived from hybridoma clone, 7E12, was shown to bind to CHO cells transfected with human 4Ig-B7-H3 protein (CHO-hB7-H3), but not to mock-transfected CHO control cells (CHO-Mock) ( Figure S1A ). The binding affinity and specificity of scFv derived from clone 7E12 was validated using recombinant scFv-Fc fusion protein.
The scFv bound specifically to CHO-hB7-H3, not to CHO cells expressing human B7-H1 (CHO-hB7-H1), human B7-H4 (CHOhB7-H4), mouse B7-H3 (CHO-mB7-H3), nor to CHO-Mock cells ( Figure S1A ). The binding of scFv to CHO cells expressing human 4Ig-B7-H3 protein was dose-dependent ( Figure S1B ). The scFv exhibited slightly lower but comparable binding affinity to B7-H3 protein compared with the mAb-7E12 (scFv, KD = 0.168nM vs. mAb, KD = 0.0244nM, Table S1; Figure S1B ). These data demonstate the specificity of the mAb of clone 7E12 against human B7-H3 and confirm that the scFv retains high affinity and specificity to human B7-H3. The mAb-7E12 and its scFv were thus chosen for further experiments.
B7-H3 cell surface protein is widely expressed on various solid human tumors
Using flow cytometry analysis, high levels of B7-H3 were detected on various tumor cell lines derived from solid tumors, including melanoma, colon cancer, lung cancer, hepatocellular carcinoma, ovarian cancer, renal cancer, pancreatic cancer, and prostate cancer by using mAb-7E12 (Figure 1a , Table S2 ). Interestingly the majority of tumor lines derived from hematological malignancies were found to be negative or to have a low level of B7-H3 expression (Table S2) .
Using immunohistochemical analysis, B7-H3 expression was also detected on microarray tissue specimens from various human tumors including colon cancer, gastric cancer, ovarian cancer, breast cancer, lung cancer, endometrial cancer, melanoma, and prostate cancer, but was either absent or very low level on normal tissues (Figure 1b (Table S3 ). Normal liver tissue was focally positive for B7-H3 staining, however, positive expression was predominantly intracellular and rarely on the cell surface ( Figure S2A ). Single human liver cells were isolated from human liver tissue samples after surgical intervention and were stained with biotin labeled anti-human B7-H3 scFv-Fc (7E12). No positive staining was noted by FACS analysis (Figure S2A ), indicating that B7-H3 protein is predominantly limited to the cytoplasm in normal liver tissue. IHC staining on surgical tumor specimans also showed that normal epithelial cells of the colon and stomach, adjacent to tumor tissues, expressed cytoplasmic B7-H3, but with significantly weaker staining than tumor tissues ( Figure S2B ).
CAR-T cells based on scFv of mAb-7E12 are effective against tumor growth B7-H3 specific CAR was engineered by linking scFv to intracellular 4-1BB's co-stimulating domain and CD3ζ's activation domain; CAR, containing a truncated form of CD3ζ lacking activation signal domain was engineered as a control (Figure 2a was no B7-H3 antigen escape in this model (Figure 2f ). Taken together, these results demonstrate a high level of efficacy and the specificity of B7-H3 CAR-T cells.
Co-expression of PD-1 chimeric receptors improves the anti-tumor activities of B7-H3 specific CAR-T cells
B7-H1/PD-1 inhibitory signaling may attenuate the function of activated B7-H3 specific CAR-T cells in the TME of solid tumors. Our data show that anti-PD-1 antibody helped to significantly slow tumor growth in mice treated with B7-H3 specific CAR-T cells (Figure S3A ), indicating that blocking the B7-H1/PD-1 pathway could augment the therapeutic effects of B7-H3 specific CAR-T cells. Thus, as an alternative strategy, co-expression of engineered chimeric receptor such as PD1-CD28, which switched PD-1 mediated signaling from inhibitory to stimulatory by engaging B7-H1 expressed on the TME, may improve the antitumor activity of CAR-T cells for solid tumors. 35 In this study, two types of PD-1 chimeric receptors were engineered for investigation; one is that the cell surface domain of PD-1 was linked to the intracellular domain of CD28 (PD28), and the another was the cell surface domain of PD-1 linked to the intracellular domain of IL-7 receptor (PDmut7R) (Figure 3a) . Human pan T cells were transduced Error bars denote SD. P values by a two-way ANOVA. ***(P < .001). (e) IFNgamma levels in the serum of the mice were measured by ELISA at day 15 after last treatment. All data are presented as mean ± standard deviation, and error bars denote SD (c-e). P values by a two-way ANOVA (d) or a two-tailed unpaired t-test (e). ***(P < .001). (f) Representative IHC staining using anti-B7-H3 mAb (clone 6A1, Abcam) for B7-H3 protein on the tumor tissues remained in the mice treated with H3 CAR-T cells.
with lentiviral vectors co-expressing B7-H3 specific CAR with either PD28 (called H3/PD28 CAR-T cells) or PDmut7R (called H3/PDmut7R CAR-T cells), resulting in 60-80% transduction efficiency, determined by flow cytometry ( Figure  S3B ). The B7-H3 specific CAR-T cells containing both intracellular 4-1BB and CD28 domains (called H3/DS CAR-T cells) were used as the control (Figure 3a, S3B) . The H3, H3/DS, H3/PD28 and H3/PDmut7R CAR-T cells showed equivalent levels of cytolytic activity against B7-H1 + /B7-H3 
Co-expression of PD-1 chimeric receptors augments the therapeutic efficacy of B7-H3 specific CAR-T cells on established xenograft solid tumors
To evaluate the antitumor activity of B7-H3 specific CAR-T cells in established tumors, we tested the therapeutic efficacy of CAR-T cells using a subcutaneous tumor model. NCG mice were subcutaneously implanted with B7-H1 + /B7-H3 + PG tumor cells (Figure 4a ) or SKOV3 tumor cells (Figure 4b) . ) were co-incubated with 5 × 10 5 irradiated B7-H3 positive or negative tumor cells. Supernatants were collected after 24 h and analyzed for cytokines using a cytometric bead array. The data are presented as mean ± standard deviation of triplicates. Error bars denote SD. P values by a two-tailed unpaired t-test. * (P < .05), **(P < .01), ***(P < .001) and **** (P < .0001); ns, not significant. , f) ; Unpaired and non-parametric Mann-Whitney test with two-tailed P value calculation (c); P values by a two-tailed unpaired t-test (d); P values by a log-rank (Mantel-Cox) test (g). * (P < .05), **(P < .01), ***(P < .001) and **** (P < .0001); ns, not significant.
When tumors
6 CAR-T cells were administered via i.v. on days 5, 10 and 15 (in PG tumor model), and on days 12, 20, and 29 (in SKOV3 tumor model), respectively, and tumor sizes were monitored. The results showed that each type of H3, H3/DS, H3/PD28, and H3/PDmut7R CAR-T cells significantly inhibited tumor growth, however, compared with the H3, H3/DS CAR-T cells, the efficacies of H3/PD28 and H3/PDmut7R CAR-T cells were superior (Figure 4a, b) . The antitumor activity of CAR-T cells was further supported by the presence of expanded effector T cells and increased cytokine levels. Compared with control CAR-T cells, each of the H3, H3/ DS, H3/PD28, and H3/PDmut7R CAR-T cells significantly increased the level of CD8 + T cells and IFN-gamma in the peripheral blood of mice as assessed on day 7 after CAR-T cell infusions, and among which the H3/PDmut7R CAR-T cells were most effective and H3/PD28 CAR-T cells were secondary (Figure 4c,d) . To evaluate the capability of infiltration of the H3/PDmut7R CAR-T cells, tissues from the site of tumor regression were examined using histological and IHC analyses. The presence of CD3 + T cells confirmed tumordirected infiltration and accumulation of these CAR-T cells ( Figure S5 ). Taken together, these results indicate a superior antitumor activity for B7-H3 directed CAR-T cells that coexpress a PD-1 chimeric receptor, especially H3/PDmut7R CAR-T cells, in an established B7-H1 + /B7-H3 + tumor model.
Co-expression of PD-1 chimeric receptors augments the therapeutic effect of B7-H3 specific CAR-T cells on metastatic xenograft tumors
Having observed the superior antitumor activities of H3/PD28 and H3/PDmut7R CAR-T cells in the subcutaneous tumor models, we further investigated the effects of CAR-T cells on a metastatic model of lung carcinoma. NCG mice were i.v. injected with B7-H1 + /B7-H3 + PG-Luc tumor cells. Mice were treated with three doses of 5 × 10 6 CAR-T cells on day 3, 7 and 15, respectively, after tumor injection. Tumor burden was evaluated by bioluminescence imaging (BLI) and survival was monitored. We found that treatment with each of the H3/DS, H3/ PD28 and H3/PDmut7R CAR-T cells resulted in a significant reduction in tumor burden compared with control CAR-T cells, whereas the H3/PDmut7R CAR-T cells showed the highest effectiveness (Figure 4e, f) . Both H3/PD28 and H3/PDmut7R CAR-T cells significantly extended mouse survival (Figure 4g ). Therefore, both H3/PDmut7R and H3/PD28 CAR-T cells demonstrated superior antitumor activity again in a B7-H1 + /B7-H3 + lung metastatic tumor model.
Co-expression of PDmut7R enhanced the protective efficacy of B7-H3 specific CAR-T cells in a re-challenged tumor model IL-7/IL-7R signaling plays an essential role in regulating memory T cell genesis. 38, 39 Having observed that H3/PDmut7R CAR-T cells preferentially function during antitumor efficacy in vivo, we further investigated the potential immunological memory response of H3/PDmut7R CAR-T cells compared with other groups of CAR-T cells in a re-challenged tumor model (Figure 5a ). Subcutaneous tumors of B7-H1 + PG cells overexpressing human 4Ig-B7-H3 (PG-hB7-H3) were established to reach a mean diameter of 3-4 mm by incolation of 5 × 10 5 tumor cells, followed by a single dose of 2 × 10 6 CAR-T cells was i.v. infused on day 7. H3/PDmut7R CAR-T cells completely eradicated tumors on day 12, while H3 CAR-T cells eradicated tumors at day 15; control CAR-T cells failed to restrain tumor growth. Importantly, when mice were rechallenged with tumor cells at a dose of 2.5 × 10 6 (5-fold the initial dose) on day 44, the H3/PDmut7R CAR-T cells exhibited a significant efficacy in preventing tumor growth compared to H3 CAR-T cells. In contrast, when control CAR-T cell treated tumors were excised and mice were re-challenged using the same quantity of tumor cells on day 44, the tumors grew rapidly. Moreover, when peripheral blood, bone marrow (BM), liver, lung, and spleen were assessed for the persistence and memory phenotype of CAR-T cells, it was found that, compared with the H3 CAR-T cell treatment group, the H3/ PDmut7R CAR-T cell treatment group had a significantly greater absolute number of CD3 + CAR-T cells in bone marrow, liver, spleen and lung with the exception of peripheral blood (Figure 5b ). While a majority of the CD8 + CAR-T cells in the spleen were TE/EM subsets, the H3/PDmut7R CAR-T cell group had a greater absolute number of CD8 + CAR-TE/EM and CD8 + CAR-TCM cells than that of the H3 CAR-T cell group (Figure 5c ). Taken together, these data indicate that the H3/PDmut7R CAR-T cells developed a greater number of memory T cells. The antitumor activity to re-challenge tumor was not due to an allogeneic effect because the control T cells could not suppress tumor growth. The absence of an allogeneic effect was further evidenced by the observation that there was no a decrease in mouse body weight (Figure 5d ), and no histological tissue damage in the brain, heart, liver, lung and kidney of the mice treated with CAR-T cells ( Figure S6 ).
Discussion
CAR-T cells rely on target molecules expressed on the cell surface to specifically recognize and kill tumor cells. In this study, we developed a new monoclonal antibody (mAb-7E12) that is highly specific to human 4Ig-B7-H3 protein which is overexpressed in a variety of solid tumors. We investigated the function of B7-H3 directed CAR-T cells with an scFv derived from mAb-7E12 and demonstrated sufficient antitumor activity for these CAR-T cells against B7-H3+ solid tumors in vitro and in vivo. Moreover, we found that coexpression of a PD-1 decoy receptor, which potentially overcomes the inhibitory signaling of B7-H1/PD1 in the TME of solid tumors, significantly improved the therapeutic efficacy of B7-H3 specific CAR-T cells in an established xenograft tumor model and in a re-challenge lung metastatic model. These findings validate a potential strategy for the treatment of multiple solid tumors using B7-H3 specific CAR-T cells directed by the scFv of the mAb-7E12.
Tumor exclusive antigens are ideal therapeutic targets but are rarely available. B7-H3 that is aberrantly upregulated on the cell surface of many solid tumors has served as a therapeutic target for tumor associated antigen. Several mAb based therapies targeting B7-H3 have been tested in patients with refractory neoplasms (MGA271, clone 84D), 40 SCCHN and NSCLC (combination of MGA271+ Anti-PD-1), 41 unresectable or metastatic B7-H3-expressing tumors (MGD009, bispecific antibody for anti-CD3 and anti-B7-H3 (clone 84D)), 42 and diffuse intrinsic pontine glioma (antibody drug conjugate, clone 8H9). 31 However, the therapeutic efficacies of these trials have yet to be determined. Currently, to the best of our knowledge, there is no ongoing clinical trial for testing B7-H3 specific CAR-T cell therapy. It would be important to evaluate the potential of CAR-T cell-based therapy in B7-H3 positive solid tumors in future clinical trials.
The specificity of cell-surface target antigens greatly affects the safety of CAR-T cell therapy. Monoclonal antibody therapies targeting B7-H3 have shown tolerant toxicities in different clinical trials in general. 31, 40, 43, 44 In addition, the difference in epitope and affinity of a specific antibody may also influence its safety profile. In this study, the mAb-7E12 as well as its scFv recognized membranous B7-H3 in a broad array of human tumor cell lines. Meanwhile, we showed overexpression of membranous B7-H3 in a variety of human malignancies, but minimal staining of B7-H3 protein in the cytoplasm of normal tissues that were largely limited in focal liver cells and a few luminal epithelial cells of the stomach and colon, which is consistent with previous reports. 12 Therefore, B7-H3 specific CAR-T cells are expected to have minimal toxicity in normal tissues. Nevertheless, potential toxicities upon recognition of the antigen expressed in normal tissues require further investigation. Since mAb-7E12 only recognizes human B7-H3, not mouse B7-H3, developing a B7-H3-Tg mouse model that expresses a human B7-H3 would be a valuable tool for further evaluating the safety profile of B7-H3 specific CAR-T cell therapy.
In an early trial, a fatal acute respiratory failure was reported in a patient with advanced colon cancer after receiving 1 × 1010 HER2 targeted CAR-T cells with a scFv derived from trastuzumab, likely due to low-level expression of HER2 in normal lung epithelial cells. 36 Since then, increased precautions have been undertaken to reduce on-target off-tumor toxicity caused by CAR-T cell therapy. Using low dose CAR-T cell infusion, decreasing the affinity of a CAR for the target, or optimizing costimulatory design have been attempted to decrease Error bars denote SD. Data were analyzed by an unpaired and nonparametric Mann-Whitney test with two-tailed P value calculation (b, c). * (P < .05), **(P < .01), ***(P < .001) and **** (P < .0001); ns, not significant. toxicity. [45] [46] [47] [48] For example, in a phase I/II clinical trial reported in 2015, Ahmed and colleagues used another form of HER2 targeted CAR-T cells to treat 12 sarcoma patients achieving no significant toxicity, in which lower affinity scFv derived from mAb FRP5 rather from trastuzumab was used to generate CAR-T cells, and lower doses of maximal 1 × 10 8 cells/m 2 CAR-T cells were infused to treat patients. Furthermore, regional delivery of CAR-T cells may limit systemic toxicity by reducing the migration of CAR-T cells in normal tissues, and has shown favorable safety and improved therapeutic efficacy in several preclinical investigations. 37, [49] [50] [51] [52] It was reported that intrathecally or intracranially delivery of IL-13Rα2 specific CAR-T cells to patients with glioblastoma resulted in antitumor responses and safe outcomes. 53 Regional delivery of B7-H3 specific CAR-T cells to primary or localized metastatic tumor sites may be an optimal therapeutic strategy in the future. Further study to minimize the potential for off-tumor toxicity is expected to promote B7-H3 specific CAR-T cell therapy.
The potent antitumor activity of CAR-T cells may be impaired by inhibitory PD-1/B7-H1 signaling induced in the TME, a demonstrated immune escape mechanism within the TME. 32, [54] [55] [56] [57] Overcoming the immune suppressive TME is necessary to improve CAR-T cell therapy in advanced solid tumors. Several strategies have been attempted to interrupt PD-1/B7-H1 signaling in CAR-T cells, including combinations of anti-PD antibody with CAR-T cells, engineering anti-PD antibody that produces CAR-T cells or silencing PD-1 in CAR-T cells. [51] [52] [53] In addition, coexpression of the PD-1/CD28 chimeric receptor has been shown to augment the function of PSCA specific CAR-T cells in a prostate cancer model. 35 Consistently, in this study, we found that PD-1/CD28 (PD28) improved the functions of B7-H3 specific CAR-T cells by enhancing the antitumor activity and the therapeutic effects against B7-H1 + /B7-H3 + tumors. B7-H1 binding to a PD28 chimeric receptor might induce CD28 activation instead of an inhibitory signal in T cells, leading to enhanced antitumor activity in B7-H3 specific CAR-T cells. Furthermore, in this study, we generated another new chimeric PD-1 decoy receptor, PDmut7R, which outperformed PD28 in improving both antitumor activity and cytokine secretion for B7-H3 specific CAR-T cells in the setting of tumors that express both B7-H1 and B7-H3. More importantly, the H3/ PDmut7R CAR-T cell offered a more potent therapeutic effect in established B7-H1 + /B7-H3 + tumors and exhibited superiority in preventing the growth of the re-challenged tumors. The superior antitumor activities of the H3/PDmut7R CAR-T cells were correlated with an increased number of effector CD3 + CAR-T cells and CD8
+ CAR-T cell memory subsets in mice. Thus, PDmut7R promoted an increase in the memory phenotype of CAR-T cells and developed a more sustained and persistent antitumor activity for CAR-T cells. As PDmut7R was composed of an extracellular PD-1 domain fused to a constitutive IL-7R activation domain, it most likely functions by competing with B7-H1 and the activation signaling of IL-7R.
In summary, we have demonstrated that B7-H3 directed CAR-T cells with an scFv derived from mAb-7E12 possess efficient antitumor activity against multiple solid tumors in vitro and in vivo, and further modification of these CAR-T cells by expressing chimeric PD-1 decoy receptors enhances their therapeutic efficacy against B7-H3 + /B7-H1 + tumors in mouse models. B7-H3 targeted CAR-T cells provide a potential therapeutic option for advanced solid tumors. 
